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currents corresponding to stDble operating conditions for 
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emitted radiotiort Is measured and varfations tn the appliod 
currents required to cross a mode boundary such that tho 
laser unddrgooB a mode jump to emit radiation at 9 
Sifirnlflcantly different wavelength are also measured. These 
valUdsarestored in a look-up table for use of the laser under 
the characterislr^g conditions and state of ageing of the 
laser. Tho aoplTod currents are chan^dd, to cause a 
predetermined mcromentaf change in wavelength of the 
emitted radiation, wfthin the said mode boundariasw and the 
■ further vaiUai^ are atso stored. This is repeated for further 
incremente! changes in wavelength. The fuithsf values may 
be Btorad in the orlgfrtai look-up table or in further look-up 
tables. The radleTlon emitted from the laser is monitored 
and the applied currents controlled by the lurther values 
vtfheneverthe output ehanges by a pradeierrnlned 
proportion of the Incrcmentel change. 



Input 
Currents 



W 101 102 



100 



Rgure 18 



O 

CD 

ro 

Ca) 
CO 
4^ 



At least 0 ne'd rawih g b nginal 17"1I loiTwaTinTo rrfm T u/id*lR5Tr"^ r b pnSdOcJJb" hTe re is talsen ff0rfra rarerfll5?rf^nr{ar<S0py." ' 

The clflims were filed lal»r t?>an the filing date but wfthin the period prescribed by flulc 25{1> of the Patents Rules 1995. 

Printed on Becyclad Paper 



OQ- 
> 



PAGE 22l67*RCVDAT»7i20084:38:43PM [Eastern Daylight Time]*SVR:USPTOIF^^^^^ 



Fax sent by : 3124697889 



SEVFf^RTH SHAU LLP 



85-87-88 15:36 Pg: 23/67 



1/10 



• • » # 
» ■ « 

• ♦ t 

• ♦ f 

* Iff 



• - * » » 

• • • • ♦ 

* • w • « a 

* • 

* • • 9 



4 • 



« « 



Frequency Locker and 
Feedback Control with 
Current-Offset Output 



108 



108 



105 



107 



Laser 
Output at 
Required 
Channel 
Frequency 



104 101 102 '•O' 

Figure la 



I. 



Ig Input 
T Currents 



100 



T 

105 



Transmitter Output 
Powdr P 

104 



Ph ICO Gafn R«fr»ctor 



100 
/ 130 

L 



J- 



101 



120 




T 



FP Etalon 



110 



PD2 



Figure 1b 



PAGE 23I67*RCVDATSI7/20I)84:38:43PM [Eastern DayligMTime]'SVR:U^^ 



Fax sent hy : 3124607068 



SEVFr^RTH SHAU LLP 



05-B7-08 15:37 



Pg: 24/67 



2/10 



Sainpte phase plane dBpktfng Stabia MMdle Lin* 



S 

3 

o 
m 



142 ^ y 




Boundary / 
left / / J 


/~^' ;i4i 


Oeundarydght 
^ Stable Middlft Une^ 







Front Current (itiA) 



Figure 2 



Back Current Measured Regions of P% plane to find Sti^la Middle Lfnes 
1540^ 



Extracted 
Middle 
lines 



£jctracted 
Middle 
lines 




1521 



1510 



M531 



Figure 3a 



1520 



Front Current 



PAGE24/67*RCVDAT5/7120084:38:43PM [Eastern Daylight 



Fax sent by : 312468708B SEVFARTH SHAU LLP 85-87-08 15:37 Pg: 25^67 




PAIX25IS7*RCVDAT9l7i20084:38:43 II [Eastern DaynghtTime]'SVR:UV^^ 



Fax sent hy : 3124687888 



SEVF^^RTH SHAU LLP 



85-87-88 15:37 Pg: 26/67 



4/10 




PAGE 26l67'RCVDATS/7/20l)84:38:43PM [Eastern DayligM Timer SVRiUSPT^^ 



Fax sent by : 3124687006 



SEVFARTH SHAU LLP 



05-07-08 15:37 



Pg: 27/67 




PAGE 27/67*RCVDAT5/7/20084:38:43PM [Eastern Daylight Time]^ 



Fax sent btp : 3124607008 



SEVFARTH SmW LLP 



85-07-08 15:37 



Pg: 28/67 




PAGE 28«7'RCVDATS/7i20084:3g:43PM [Eastern Daylight 



Fax sent hy : 3124667668 



SEVFARTH SHAU LLP 



85-67-88 15:37 



Pg: 29/67 



7/10 





PAGE mi ' RCVD AT mm 4:38:43 PM [Eastern Daylight Time] ' SVR:USPT0€FXRF'SI12 ' DNIS:2738300 * CSiD:3124607000 ' DURATION (inin-ss):11-48 i 



Fax sent buf : 3124687060 



SEVFARTH SHAU LLP 



85-07-88 15:37 Pg: 38/67 



• • r » 

• • • 
» » f 

m 9 w 
* r ■ * 



• » • * I 



• f a 

♦ • • • 



8/10 

Frequency Coverage of Laser 







i 


: 

1 I 

4 


1 1 
1 1 
1 1 






1 1 
» 1 

^ 1 
1 




















i-l-r- 

1 t * 

:— r-l— 






















• 1 


1"- 




' 1 














1 

t 1 

i % 
1 1 






1 1 

^ 1 








1 1 

1 1. .. 




I 1 

1 
I 





Figure 8 



91 ^92 



LUT 



l/ 



1001 1002 

Expanded LUT rS 



Figure 9 

PRIOR ART 



Figure 10 



PAGE 30167 ' RCVD AT S/7I200M:38:43 II pstem DayGght Tiine] * SVftUSPTOfF^^^^^ 



Fax sent by : 3124607608 



SEVFr^RTH SHf^U LLP 



05-07-08 15:38 Pg: 31/67 

i 



* ■ ■ 



• • - 



9/10 



TO 

r 

104 



sicysi 



100 



1115 



1153 



ini 



DBR 



RWG 



130 



1152 



1151 




1119 1120 1114 



1116. PD4 / 



75% 



D-FEF 




1117 1118 



P02 
1113 



DM 



DM PD3 



REF 



1111 



Figure 11 



7 



90 



11 

JIA 



1520 nm 



IMJ 



1122 



1121 



Figure 12 



PAGE 31/67'RCVDAT«84:38:43PM [Eastern Daylight Time]*SVR:USPTO{F}{IV-S112'DNIS:273 



Fax sent by ': 3124687008 



SEVFARTH SHAU LLP 



85-07-08 15:38 



Pg: 32/67 



10/10 



Tfahsmissivity ITU 193.1 THz reference 

1311 




PAGE 32167 ' RCVD AT 5/7/2008 4:38:43 PM [Eastern Daylight Time] * SVR:USPT0{Fj{l^-S/12 ' DNIS:2738300 * CSID:3124607000* DURATION (inm-$$):11-48 



Fax sent hy : 3124687668 



SEVFARTH SmU LLP 



85-87-68 15:38 Pg: 33/67 



, 23941 1 8 

Char&cterizati OT) and Non-invasive Con-wtion of Operational Control Currents of a 

Tuneable Laser. 

This invention relates to characterization and noo-inyasive correction of 
operational control currents of a tuneable multisection laser. IVineablo semicondnctor 
5 lasers arc used in» for example* teleoonununications optical aet^vorks to transmit data 
on specified wavelength chawels in a wavelength division multiplKced (WDM) 
system. Semiconductor lasers may be wavelength tuned "for greater optical network 
flexibility by careful selection of the control currents that cause the light to be emitted 
at agreed wavelengths, as specified for example in the international standard ITU- 
1 0 G692 that covers the near i nfta-xcd spectrum. 

The efficient generation of a look-up table (LUT) necessary to control the tuning 
of a multi-section laser for such an application is known from, for example 
WOOI^8052 and 1PCT/IB02/00787 or IE S2001/09S4. The LUT is usod to store 
values of parameters for controlling currents supplied to respective sections of the 

15 multi-section laser for which values the laser will operate stably remote from mode 
boundaries to emit radiation at a required frequency. There is a requirement for 
measurement of a quality control parameter of such lasers. Moreover^ as, for 
example, the laser ages^ or odtcrwise is degraded or the operating conditions change, 
the position of the mode boundaries may change with respect to the controlling 

20 currents^ so that the laser becomes unstable by becoming subject to mode jumping and 
hence frequency hopping. For example, after sustained use the internal structure of the 
crystalline matOTal may change and the device may require ro-charactcrization of the 
currents tbat arc stored in the LUT as a set of currents for each lasing frequency or 
wavelength cbarmel. 

25 That is^ with laser agemg, the lasing frequency associated, with a specific 

combination of contml currents slowly drifts. This drift can be compensated by use of 
a frequency locker 105, which detects frequency drift and applies corrective phase 
section current control as part of a wavelengA locker feedback control loop» see 
Figures la and lb. However, in the case of a three-section tuneable laser, there is a 

30 limit to this correction. The laser has a number of operating **raodes" that correspond 
to various frequency channels when fme-tuned with the phase section current. The 
frequency locker 105 is. intended to coirect frequency drift within an operating mode. 
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However, if drift is sufficiently severe, the laser may cross into another mode (i.e. 
mode-hop) causing a very large frequency enw which is not correctable by the 
frequency locker. 

Known meAods of monitoring lasers after installation to ensure that they 
5 continue to operate stably may involve long periods of downtiraa Several such 
schemes have been suggested to overcome laser ageing including embedding 
characteiiiation software within the laser chip irt order to re-characterise the laser 
when required, for example as disclosed in PCT/IB02/00787 and IE S2001/0954. 
However, this also requires the laser to be taken out of service periodioally for re- 
10 chamcterization of the laser. 

It is desirable to use a non-invasive compensation mechanism in scEuiconductor 
laser modules to compensate for ageing that does not require down-time, i.e. removal 
from the network for even a short period. Such non-invasive correction of the control 
currents enables 100% operation of a User for 100% of a guarantoed life span of 
15 perhaps 20 years. 

It is an object of the present invention al leasl partially to mitigate the foregoing 
disadvantages. 

According to a first aspect of the present invention there is provided a method of 
characterising a tunesible multi-section semiconductor laser comprising the steps of a) 

20 applying curmits in step-wise increments to sections of the laser respectively; b) 
measuring power output by the laser to detennine values of the applied currents 
corresponding to respective stable oporating conditions for wbfcb the laser emits 
radiation at wavelengths remote from mode boundaries of the laser; c) determining 
the respective wavelength of the emitted radiation; d) measuring variations in the 

25 applied currents required to cross a mode boundary such that the laser undergoes a 
mode jump to emit radiation at a wavelength significantly different from that under 
the respective stable operating condition; and e) storing in a first look-up table 
respective values of applied currents for which the laser emits radiation at 
wavelengths remote from mode boundaries, the corresponding wavelengths of the 

30 radiation and the variations in applied currents required to cross adjacent mode 
"boundaries for use of the laser under the characterising conditions and state of agemg 
of the lasen and f) varying the applied currents a jjlurality of times, to cause 
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predetermined incremental changes in wavelength of the emitted radiation* within the 
said mode boondaries^ and stonng lurther values of appKed currefits for each 
predetermined incremental change in wavelength respectively for use as the 
wavelength of radiation emitted with currently used applied currents changes by more 
5 than a predetermined threshold change. 

Advantageously, the step of storing forthcr values of applied cunenfc comprises 
storing liirther look-up tables and the step of using the further values comprises using 
one of said further look-up tables. 

Preferably, the step of storing further values comprises storing fiirther values 
10 ooiTBspondmg to frequencies only in a predetermined range in the vicinity of 
picdttennined required frequencies of emission of the laser. 

Conveniently the prodetesmined range is dfc2GHz. 

Conveniently, the further values corresponding to frequexwies in the vicinity of 
the predetermined frequencies are stored in the Hrst look-up table. 

IS Conveniently, step a) comprises appl^dng currents in step-wise increments using 

a programmed waveform. 

Conveniently, the programmed waveform has a frequency of substantially 
100 kHz, 

Preferably, the progranimed waveform has a frequency of substantially 1 MHz. 

20 Conveniently, step d) of measuring the variations comprises deriving the 

variations by detenmning distances in an applied current plane of a point 
corresponding to the stable operating condition from adjacent longitudinal mode 
boundaries and» for a laser having four or more sections, from adjacent super-mode 
boundaries. 

2S Conveniently, for a multi-section semiconductor laser having a gain section, a 

phase section and at least one tuning section, step a) includes the steps of al) applying 
constant currents to the gain and phase sections such that the laser emits laser 
radiation; a2) applying at least one tuning cuirent in step-wise increments to the at 
least one mning section respectively; and step c) includes storing in the first look-up 
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table the values of the at least one tuning cunrot for which the laser emits radiation at 
wavelengths remote from mode boundaries. 

Advantageously, step c) includes step cl) providing an optical filler, or feature 
extraction filter, for transmitting a proportion of power of an incident light beam 
5 enaittcd by the laser, the proportion being dependant on the wavelength of the incident 
light beam; and step c2) measuring the proportion of power transmitted by the filter to 
detennine the wavelength of the emitted radiation. 

Preferably, the optical filter comprises multiple passive optical filters. 

Conveniently, the optical filter comprises a graded refi^ctive index lens for use 
10 as a precision optical filter. 

Conveniently, for a three-section laser, the at least one timing section comprises 
a reflector section. 

Conveni^lly. for a three-section laser, stq) a) comprises varying the reflector 
cutTcnt to determine stable points midway between longitudinal mode boundaries. 

15 Conveniently, for a laser having more than three sections, die at least one tuning 

section comprises a front section having an applied fiont current and a back section 
having an appKed back current and step a) comprises holding the fi-ont current at a 
first Iront constant and varying Ae back cuircnt, holding the ftont current at a second 
front constant and varying the back current, holding the back cunwit at a first back 

20 constant and varying the ftont current, holding the back current at a second back 
constant and varying Ihc fiont current, and increasing the firont current from a third 
fiont constant to a fourth fiont constant v*ile decreasing the back current firom a third 
back constant to a fourth back constant in order to determino stable middle lines 
within eadi super-mode and wherein, having delemiincd the stable middle lines, 

25 subsequent steps of varying the back cuncnt and/or the firont current respectively 

comprise varying the respective current througji a window of a plurality of 1 
incremental values along the siable middle lines and determining for which of the ! 
plurality of incremental values the power output is a minimum, and repeatedly 
incrcmcpting each of the plurality of incremental values and re-detenninjng the 

30 current value corresponding to tiie minimum output power within the window to 
determine a ciurent value corresponding to a local minimum in the power output. 
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Advaotageously, for a laser having more lhan three sections, step b) comprises 
detcnnining midpoints between the current values coiresponding to local minima in 
the power output to obtain stable middle points of operation of the laser and step e) 
includes storing data representative of such stable middle points together with the 
5 corresponding wavelength of emitted laser light in the look-up table and operational 
conditions for operating the fixsqucncics between tho stable middle point frequencies 
arc determined by detennining and storing in the look-up tabic the required values of 
phase current injected into the phase section of the laa^ and the required values of 
phase current , arc determined by holding the back and front currents constant 
10 successively at a first stable point and incrementing the phase current until a 
frequency of laser emission corresponding to a next stable point is reached and 
calculating what increments of phase current are required to step from tho Hrst stable 
point to tiie second stable point in desired frequency increments. li 

According to a second aspect of the invention, there is provided a method of 
1 5 controlling a laser characterised by any of the above method steps, and comprising the 
fudher step of g) determining whether in use the wavelength of radiation emitted by 
the laser has varied from a characterising wavelength by more than a threshold 
variation and if so either selecting and using the further values of applied currents to 
restore the emitted wavelength to a wavelength within die threshold variation or re- 
20 characterizing the laser* 

Conveniently, the step of using the further values of applied curtents comprises 
using one of the further loolc-up tables. 

Conveniently, step g) comprises irteasuring, at prcdetemiined intervals of time, 
an oflfsct in the phase current as generated by a frequcncy-lockcr feedback-control j 
25 circuit connected to the laser, to determine whether the offset is excessive and in ! 
danger of causing a mode hop; and sufficient to require re-characterisation of the laser 
and, if the of&et is excessive but not requiring re-characterisation, identifying and 
using the further values of applied currents stored when the laser was last 1 
cliaractcrised and if requiring re-characterisation, rc-characterising the laser* 

i 

30 Conveniently, the step of determining whether any change in the values is j 

sufficient to require re-characterisation of the laser comprises determining whether the [ 

\ 
I 
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phase current offset is greater than a predetcmiined value or represents more than a 
predetertnined percentage change 

ConvGniently, the frequency locker includes the graded refractive index lens. 

Conveniently, fbe firequeney locker includes a Fabry Perot etalon comprising 
5 mirrors embedded in slots in a waveguide. 

According to a third aspect of tht present invention there Is provided an 
apparatus for characterising a tuneable multi-section semiconductor laser comprising 
current drive means for ^l)ing cuirents in step-wise increments to sections of the 
laser respectively; pc^er measunng means for measuring power ou^ut by the laser to | 

10 determine values of the applied currents corresponding to respective stable operating | 
conditions for which the laser emits radiation at wavekngths remote from mode 
boundaries of the lasc]^ wavelength measuring means for determining the respective 
wavelength of the emitted radiation; curroit measnrioB means- for measuring 
variations in the applied currents required to cross a mode boundary such (hat the 

1 S laser undergoes a mode jump to emit radiation at a wavelength significantly different 
from that under the respective stable operating condition; storage means for storing in 
a first look-up table respective values of applied currents for which the laser emits 
radiation at wavelengths remote from mode boundaries^ the corresponding . 
wavelengths of the radiation and the variations in applied cuirente required to cross 

20 adjacent mode boundaries for use of the laser under the characterising conditions and j 
state of ageing of the laser and for storing further values of applied currents for each 
prcdetcmiined incremental change in wavelength respectively for use as the 
wavelength of radiation emitted changes by more than a predeteimined threshold 
withui the said mode boundaries^ 

25 Preferably, the power measuring means comprises a first photodiode 

connectable to the laser by optical waveguide means* 

Conveniently, the wavelength measuring means comprises a feature extraction 
filter connectable to the laser by optical waveguide means and a second photodiode 
connectable to an output of the feature extraction filter by optical waveguide means. 
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Advantageously, the feature extiEction filter comprises a dielectric multilayer 
coating on a transparent substrate located in the optical wavcgvidc means between the 
laser and the second photodiode. 

Conveniently the wavelength measuring means further comprises a first Fabry 
5 Perot etalon filter, having a first Free Spectral Range (FSR), conncctable to the laser 
by optical waveguide mcaiis and a third photodiode conncctable to an output of the 
first Fabry Perot etalon CUct by optical waveguide means. 

Conveniently, tho first FSR is substantially 5 GHz. 

Advantageously, the first Fabry Perot etalon filter con^nses first and second 
10 spaced apart, flat response, dielectric minors located in tho optical waveguide means 
between tiie laser and the third photodiode. 

C(»iveiii6xitly the wavelength measunng means further comprises a second 
Fabry Perot etalon filter, having a second FSR different from the first FSR. 
conoectable to iht laser by optical waveguide means and a fourth photodiode 
1 5 connectable to an output of the second Fabiy Perot etalon filter by optical waveguide 
means. 

Conveniently, the second FSR is substantially 50 GHz, 

Advantageously^ the second Fabry Perot etalon filter comprises third and fourth 
spaced apart, fiat response, dielectric mirrois located in the optical waveguide means 
20 between the laser and the fourth photodiode. 

Advantageously, the wavelength measuring means further comprises a third 
Fabry PctoI etalon filter, having a third FSR, connectable to the laser by optical 
waveguide means, and a fifth phoibodiode connectable to an output of the third Fabry 
Perot etalon filter, wherem the third FSR provides a local maxunum in transmissivity 
25 at a same reference 0equency as a local maximum in transmissivity provided by the 
first FSR. 

Convonicntly at least some of the laser, feature extmction filter and first and 
second Fabry Perot etalon filths are intercoxuxected by optical waveguide means to 
fomi a planar lightwave circuit on a substrate. 
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Conveniently (he optical waveguide means is a branched ridge optica] 
waveguide. 

A specific embodimeot of the invention will now be described by way of 
example with reference to fhe accompanying drawings, in which; 

5 Figure la is a schematic diagram of a three^scction semiconductor laser 

employing a phase current finequency locker feedback control loop to stabilise outpxit 
of the laser 

Figure lb is a schematic diagram of an apparatus for chaiactensing a three- 
section semiconductor laser suitable for use in fbe present inv^tion: 

10 Figuit; 2 shows a plot, useful in understanding fhe method of the inv^tion, of 

current injected in a front section and current injected in a back section of a multi- 
section laser, having at least four sections, showing a stable middle line between two 
super-mode boundaries; 

Figure 3a shows a graph, useful in understanding the method of fhe invention, of 
IS current injected in a front section of the laser of Figuie 2 as abscissa versus current 
injected in a back section of the laser of Figure 2 as ordinates, to detemaine the 
positions of stable middle lines sudi as that shown in Figure 2; 

Figure 3b shows characten?:ation data for a DBR laser (as a computer screen 
dump), useful in understanding the method of die invention, of cuixent injected in a 
20 phase section of the laser of Figures la and lb as abscissa versus current injected in a 
reflector section of the las^ of Figures la and lb as ordinates, to detOTnine tho 
positions of stable middle lines such as that shown in Figure 2; 

Figure 3c is similar to Figure 3b, but shows mode boundaries displaced as a 
result of hysteresis. 

25 Figure 4 shows a graph of power ou^ut of the laser of Figure 2 along a stable' 

middle line between mode boundaries such as that shown in Kgure 2, wiA distance 
along the middle line as abscissa and power emitted as ordinates; 

Figure 5 shows a plot derived from Figure 4^ of stable operating positions 
b^een super-mode and longitudinal mode boundaries for a four-section laser; 
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Figure 6 shows a detail of Figure 5, showing diagramraatically the location of 
stabte operating points botwe^i super-mode and longitudinal mode boundaries; 

Figure 7 shows an operating point of PIgure 6 after ageing of the laser; 

Figure 8 shows a graph of frequencies as ordinates vs. supermode number as 
5 abscissa used in quality control of lasers; 

Figure 9 is a rq}resentation of a LUT accordiog to the prior art, having entries at 
ITU frequencies; 

Figure 10 is a rqjresentation of a LUT according to an embodiment of the 
iiwention having entries at, and in the vicinity of, flU frequencies; 

10 Figure H is a schematic representation of a planar lightwave circuit 

embodiment of an apparatus for use ^yith the invention; 

Figun; 12 is a schematic representation of characteristics of filters used in the 
embodiment of Figure 11, with wavelengths as abscissa and liansmissivJty as 
ordinates; and 

15 Figure 13 is a schematic representation of characteristics of one of the filters of 

Figure 12, and of an additional filter, each having a transmission peak in common at a 
frequency of interest. 

In the figures, like reference numerals refer to like parts. 

A three-section laser is a telativdy straight&rward device and its control current 
20 plane may be visualized as a number of modes linked together. As part of the 
characterization disclosed in PCT/IBQ2/00787 and IE S2OO1/0954, a stable position 
between mode boundaries is defined by a set of Cartesian coordinates. To select a 
stable channel the geometric centre between mode boundaries and a change in phase 
current required to transverse a mode arc detsryiined In essence this is enou^ \ 
25 information to provide a non-invasive compensation technique. If a compensation 

algoritlim is provided with the data detailed above, then by measuring the level of j 

oorrcction provided by the frequency locker and relating this to an extent of the mode, 

it is possible to predict how close the laser is to mode hopping. A compensation { 

algorithm is provided with a threshold (e.g. 50% of the way to next mode), which will | 

i 

30 trigger corrective action. The corrective action modifies the reflector currcni so as to j 

. I 

" ' • " j 

I 
I 

i 

i 
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10 

decrease the level of phase correction required i,e. moves the operating point away 
from the mode boundary back towards the geometric centre between mode 
boundaries. 

The followmg reasonable assumptions are made with r^anJ to the non-invasive 
5 compensation algorithm. 

1. The ageiogptocess causes the entire laser plane to drift; the shape of 
modes and mode relationships remains in constant proportion^ 

2. The frequency locker mechanism provides a way for the laser raodule*s 
control CPU to determme the frequency error. 

10 3* The laser will be operated as a pseudo fixed frequency laser that normally 

docs not require fast switching. However the method may also be deployed 
in a wavelength switchiDg environment with speeded up electronics, for 
example using an applications ^ecific integrated circuit (ASIC). 

As shown in Figure la, a three-section laser 100 to be char^terised has, 
15 arranged sequentially, a phase section lOU a gain section 102 and a reflector section 
103 with respective current inputs Ip, I© and 1r. When appropriate current inputs are 
applied laser li^t 104 is emitted from an end facet of the phase section 101. In use a 
frequency locker 105 is provided to adjust the phase current Ip to make fine 
adjustments of the frequency of the emitted laser radiation to maintain the laser 
20 emission 104 at a predetermined wavelen^ or frequency. The frexjuency locker 105 
has an input 106 which taps the emitted laser radiation to determine a frequency of the 
emitted laser radiation 104 and a first output 107 to vary the phase current Ip to 
maintain the predetermined fteqaency of the laser ou^ut 104. The frequency locker 
105 has a second output 108 to provide an indication of the cunCTt offset cucrentty | 
25 being appUed to the phase ciirrcnt Ip to maintain the predetermined output fr^ . | 

of the laser* 

As shown in Figure lb, in order to characterise the three-section laser 100, a 
ffcature extraction filter, 110, and a Fabry Perot etalon graded refractive index lens 120 
are located in paths of a laser beam 130 emitted from an end facet of the nrflector | 
30 section remote from tfic transmitted laser beam 104, Altemalively, the feature . \ 
extraction fUtCTp 1 10, and the Fabry Perot etalon graded refractive index lens 120 may 
be located in a tapped portion of the laser beam 1 04. The feature extmction filter 110. I 
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may be a long, period gratings which is a grating in which corrugations or "lines" are 
sufficiently widely spaced that a transmission or reflection spectrum generated by the 
grating is sufiicieritly broad to give a monolonic variation with wavelength over^ for 
qxample^ the CrBand or L-Band, or both, for optical fibre networks. The grating may 
5 alternatively be incorporated in an optica] fibre or a dielectric filter producing a 
similar monotonic transmission spectnmi. The graded reftactive index (GRIN) lens 
120 may be used as part of the frequency locker 105 as well as a second, precision 
filter. The GRIN lens is designed to behave as a collimator and Fabiy Perot etalon 
simultaneously to act as a fine resolution optical filter during characterization, raiber 

10 than using a more cumbersome wavelength meter, but providing an input to the 
frequency locker when the laser is deployed, for example in an optical WDM 
network. Altmiativcly the lodcer may be a Fabry Perot ctalon embedded in a planar 
light-wave circuit, PLC, or a sequence of such filters that provides tjansmission 
spectra suitable lor coarse and fine optica] frequency identification. Each filter may be 

15 created by fabricating a pair of slots along the waveguides of the PLC that are then 
modified as mirrors thereby providing an optical cavity of known length and Free 
Spectra! Range in a variation of that disclosed in PCT/IBOO/01476. 

The invention may be applied to, for example, a known three-section DBR laser, 
a four-section InGaAsP sampled grating distributed Bragg reflector (SG-DBR) laser 

20 or a gain coupled sampled grating reflector (GCSR) laser. In the latter case one 
grating section is instead a middle section, the coupler. Alternatively, a superstructure . 
SG-DBR (SSG-DBR) laser may be used. The invention is also applicable to, for 
example, a five-section laser, the fidh section being a semiconductor optical ^plificr 
to provide a higher power output. The invention is also ^plicable to a multi-section 

25 laser wherein, for example, the front grating section is divided into eight or more 

furtlier sub-sections with individual input currents, the so-called digital DS-DBR type, ! 

i 

An clectro-absorptioa modulator (EAM) may be monoHthically integrated, or | 
hybridised with the laser to provide data modulation of the laser output i 

The laser and characterising apparatus may be deployed in a non-hybridised i 

30 form, as depicted in Figures la and lb, wherein the laser 100, beam splitters to divide ' ! 

the laser beam (not shown), feature extraction fUter 1 \0, FP etalon 120, waveincter, if | 

used, current driver circuits, not shown, microprocessor, not shown and frequency | 

' j 

j 

. i 
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locker feedback circuits are separate bulk components that comprise the apparatus, or 
may be in a hybridised foim. 

Rather than being connected to an inline, hybridised Fabry Perot eta]on, the 
output of the long period grating, or feature extraction filter, may be connected to an 
5 extcnial frequency locker, as shown in Figure 1 a for a three^scction DBR laser. 

In an alternative application of the invention^ the laser, waveguide and 
photodiodes may form a monolithic device in a semiconductor aUoy, r4ther than being 
combined in a hybrid optical device. By a hybrid optical device it is to be understood 
a hybrid of active and passive devices or a hybrid of devices in different materials e.g* 
10 glass and semiconductor. 

The known long period grating, ox feature extraction filter, has a transmission 
characteristic in which the percentage of power transmitted to a second photodiode 
PD2 is $ubstantially Unearly inversely proportional to the wavelength of incident ; 
light For example, power transmitted to the second photodiode PD2 as a percentage 
15 of power in a reference beam not passing through the filter transmitted to a first 
photodiode PDl varying from 10% to 90% in the range 1520 nm to 1560 nm in a 
substantially linear manner is useful for C-band operation. Variations of 5% to 95% 
have been achieved. This range is crucial to precision wavelength identification and 
may also be achieved using a multi-layer dielectric filter. 

20 Instead of the long period grating, or feature extraction filter, filters of other 

types may be used. For example, a photonic band-gap crystal, with a slowly changing 
spectral response, may be utilized. Other possible filters are an optical fibre or 
waveguide with an embedded difiraclion grating or with an embedded multilayer 

dielectric mirror. ; 

I 

25 Although, as described* the characterising functions are carried out from light | 

emitted from a **rear^' face of the laser, ail these characterising functions can be ; 
carried out from the ''fiont** power output face. This is particularly so in the case of a ! 
gain coupled sampled gmting reflector (GCSR) laser, for example. | 

in order to characterise the laser it is necessary to find stable positions, \ 

30 remote from mode boundaries^ where the laser will operate at a stable frequency i 

without mode^hopping. Such stable points may be found on stable middle lines 143 

i 



PAGE 44/67 ' RCVD AT S/7/2008 4:38:43 PM [Eastern Daylight Time] ' SVR:USPTO?^^ 



Fax sent by : 3124607080 SEVFARTH SHAW LLP 05-07-08 15:40 Pg: 45/67 

! 

! 
J 

13 

halfway between syper-mode boundaries 141,142, as shown in Figure 2 or directly 
from the phase-current versus reflector-current plane in the case of a DBR laser 
where the points are mtd-way between longitudinal mode boundaries. 

As disclosed in WOOI/28052 and shown in Figure 3a, the position of these 
5 stable lines in a four-section laser can be obtained by sampling. Measurements are 
made in five stages along five or more lines of measurement as follows. The front 
current is held at a iixst constant value 15 10 and the back current varied to determine 
stable points 151 1 corresponding to intersections of stable middle lines with this first 
line of measurement. The front cuirent is held constant at a second value 1520 and 
10 the back current varied along a second line of measurement to determine stable points 
1521 representing points of intersections of the stable qpiddJe line with the second line 
of measurement The back current is held constant at a third constant value 1530 and 
the front current is varied along a third line of memrentcnt to determine stable points 
1531 representing points of intersection of the stable middle lines with the third line 
15 of measurement. . The bai^k current is held constant at a fourth value 1540 and the 
fiont current is varied along a fourth line of measurement to detcrmme stable points 
1541 represented by an int^scction of the stable middle line with the fborth line of \ 
measurement. The fiont current is increased fiom tho first constant value 1510 to the 
second constant value J 520 while the back current is decreased from the fourth 
20 constant value 1 540 to the third constant value 1 530 along a 5flh, line of measurement 
to find points of intersection 1551 of the stable middle lines with the ffflh line of 
measurement. Conveniently, the cuirehts arc varied by a fast piogranMned waveform 
with a frequency in the region of 100 kHz. With faster electronics it is anticipated 
that Megahertz frequencies may be used. Stable middle lines 143 can then be plotted 
25 by joining corresponding points of intersection on the respective lines of measurement 
as shown in Fi^e 3a. To refine plotting of the stable middle lines, additional 
diagonal lines of measurement, parallel to the diagonal line of measurement shovm in 
Figure 3a; may be usedL In an embodiment of the invention up to 100 diagonal lines 
of measurement may be used with pre-programmed waveforms rapidly to produce a 

i 

30 mode map (see Figure 5> for visual inspection. In the ca$e of GCSR lasers, in the fifth I 
step, the coupler and back currents respectively may be varied between different j 
constants, to accommodate a diflercnt orientation of the super-modes in GCSR lasers. I 
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In the case of a three section DBR hsor 100 tlie rear reflector cuTrent 1r may 
be held constant at successive incremental values while for each such value the phase 
current 1? is swept rapidly from zero to maximum and back to zero. Conveniently, in 
this case Ir and Ip may be interchanged for this step or the increments in !« and Ip may 
. 5 be unequal in a fashion that results in the mode-map (see Figure 3b} appearing to have 
almost equally spaced mode boundaries. This process causes the rising and falling 
cuirents to generate slightly displaced mode boundaries as a result of hystcnisis in the 
laser* The boundaries that thereby depict hysteresis, as shown in Figure 3c, may be 
used to locate stable middle lines in a similar fashion to that described above. 

10 . Jn this manner, for a four-section laser, it is possible to plot a number of 

stable middle lines between super mode boundaries such as that shown in Fig 2. The 
stable operational points arc then sought on these stable middle lines 143 midway 
between longitudinal mode boundaries 51,52, see Figs 5, which transversely cross the 
stable itdddlo lines 143 and the super-mode boundaries 141,142. 

15 Moving along such a middle line and measuring the direct power for each 

point results in a plot such as that shown in Figure 4- The local minima 62 in the 
power output correspond with the longitudmal mode boundaries 51,52. The 
requirement then is to find the stable points 61 which are taken to be midway between 
two local minima 62 in iht power output To determine the local minima 62 a moving 

20 window may be used which has a fixed number of measurement points, for example, 
initially 10 points. The point, within the 10 points of Oie window, having a minimum 
power value is recorded and then the window moved by one point to detemxine ^e 
new point having a minimum power. A local mirumum 62 is that point whic^ returns 
a minimum value for each of 10 successive movements of the window. However, aa 
25 can be seen from Figure 4, fuither along the middle line a wider window is required to 
encompass the wider arcs, up to ISO measurement points, for example. 

Having established the local minima, the positions of the stable zniddle points 
61 can be located as shown in Figure 4, being midway between local minima. As the 
position of the stable middle points are established they may be stored in a look-up 
30 tabic. 
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In this manner stable points 61 located between super-irodc boundaries 
141,142 and between longitudinal mode boundaries 51,52 maybe identified as shown 
in Figure 5. 

Operational conditions for operating at frcqaencies betweo) the Stable 
middle point frequencies are detcimined and stored in the look-up table. The required 
values of phase cinrent injected into a phase section of a laser with greater than three 
sections ate determined by holding the back and fix>nt currents constant successively 
at a first stable point and incrementing the phase current until a frequency of laser 
emisMOJi COtreqwnding to a next stable point is reached and calculating what 
increments of phase current are required to step from the first stable point to the 
second stable point in desired frequetwy incttments. 

For Ae DBR laser 1 00 flic phase current ly roay be incremented along the stable 
middle lines so as to produce optical frequencies that are equally spaced, I GHz or 
200 MHz apart, for example. This process can be fbUowed to generate a set of look- 
15 up tables that produce optical output from the laser firstly at TW frequencies and then 
other grids of frequencies that produce ITU channels displaced by intervals of plus or 
minus 100 MHz. for example. A set of perhaps thirty LUTs may thereby be generated 
and stored later use as thelaser ages. 

Thus a basic 20 channel JTU Grid lookup table disclosed in PCT/1B02/00787 
20 and IB S2001/09S4 is extended to include mode extent and phase control data for each 
channel. The reflector correction curreots may, for example, be provided by fee use of 
multiple lookup tables spaced 200 MHz apart. Bach look-np table may contain: 

Mode Start cunrent and Mode End current as integers 
Phase Control as integer 
25 AiTByof20reflcctoi current values as integers 

Airay of 20 phase current values as integers 
Where 30 tables axe required the control system requires storage of 3K bytes of ROM. 
As all the difficult computation is carried out at initial characterization, the embedded 
CPU has very little calculation to carry out Because the whole mode map ages in a 
30 uniform manner, fte CPU need only deal with one channel requiring a nsad of 10 

bytes for the channel selection currents, mode extent and phase control values. The 
.9^^.'*"^"'^^ ^^''!..?f i^y °^g° P^v'<^^ frequency locker and relates 
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this to the mode extent to predict how close the laser is to mode hoping. When a 
threshold (e.g. 50% of the way to next mode) is exceeded, corrective action is taken; 
the processor reads a new set of values ftom its ROM look-up table and changes ftom 
a present reflector current to a new reflector cutrent. As ageing is a very slow 
5 Process, the compensation algorithm can opaate at an extremely low priority airf 
take as long as necessary to cany out its task. As the computatiotw can be done using 
integer arithmetic the oveiticad on toe embedded processor is ve»y small. 

Ihc ageing process tends to cause Qie frequency of the anitted laser radiation to 
diminish so that when monitoring of the frequency locker conectioo to the phase 

10 current indicates that the Ip oflftet exceeds a threshold that produces minus 100 MHz 
output at original cbaracteilzatiai. then the next LUT is invoked thereby rc-setting all 
channels at Hbfi ITU grid but with zero of&et and with all channels tocated at the 
centre of fte mode r^'ons as at Die start of lascsr life. vm. even fiirther agerag the 
next nearest LUT is invoked and ao on. In this way non-invasive monitoring and 

1 5 coriBctiori for ageing is achieved. A corresponding method may be applied to lasers 
with a greater number oFsections. 

Similar principles can be applied in other uses associated with these lasers. It is 
desirable that die optical power is equalised by adjusting the LUT gain current values 
as described in WO 0IA28052. When the gain cuirent is lowered, for example where a 
20 particular channel outputs 10 mW but all channels are required to be at 5 mW, the 
eflect is slightly to increase the frequency so the multiplicity of storej3 LUTs may be 
invoked to re-adjust Qie frequency back to the ITU grid. 

Ftohermore, the same principles can be useful in wavelength switdiing 
applications, for example wavelength labeUhig of IP packets for aU-optlcal data 

25 routing. When switching to a channel of higher drive cuireots the laser is heated 
causing the optical frequency to overshoot the target channel for a microsecond or 
thereabouts. An adjacent LUT may be temporarily invoked that produces the correct 
ITU channel until the ageing routine above seeks the correct LUT after frequency 
setding. Alternatively, tho. driver circuits may be left under control of the "wrong" 

30 LUT while the frequency locker circuit adjusts the phase cuirent. A combioation of 
the above interventions may be deployed to maximum benefit. 
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Referring to Figure 6. as disclosed in PCT/IB02/00787 and S2001/0954 there is 
provided a mcihod to produce stability factors, shown by double anow-headed lines 
in nclation to each of these stable points 61 respectively that indicate whethei; 
mode-hopping is likely or becoming more Kkely with ageing or other degradation. 
5 These stability factors s^l measure the distance of the stable operating points from the 
mode boundaries. 52,142 that characterize the laser behaviour when Ae tuning 
cumenU are increniented^ The nearer the operating point 61 is to a mode boundary 
52,142 the more likely that a mode hop is imminent thereby de-stabilizing the 
communication network. 

10 A four-section laser has two coarso-tuning electric cuirents, If and (JBont and 

back grating sections for SGDBR las^) or lo and lb (grating and coupler sections for 
GCSR lasers) and the laser power and wavelength are first characterized as a function 
of tliese two inputs as described above. In the three-section DBR case the 
characterization proceeds directly to the Ip-1r plane. This pnxtuces planes of data that 

1 5 arc divided by mode boundaries 5 1 .52 J41 , 142 that must be avoided to prevent mod&- 
hopping by the laser. The mode regions 62 between mode boundaries generated by 
the method disclosed in WOO 1/28052, and outlined above, hav$ a distribution of sizes 
depicted schematically in Figure 6 with stable operating points 61 of the laser are at 
the centre of each region, havmg respective stability fectors s,, h; S2,la, and S3, ly 

20 Stable middle points 61 inside the mode regions 62 have a range of fmpHod 

♦*stabilil/' as indicated by values s and I, that is the distances of the stable points from 
the neiiJibouring super-mode boundaries 142 and longitudinal mode boundaries 52 
respectively, or by their values when normalised to an average of the highest 1 0% of 
values giving S and L, each between 1.0 and 03 typically. Thus, a channel with L,S 

25 « 0.5,0.4 for example is less inherently "stable*' than one with L,S = 0.9,0.8. 
Alternatively, some other suitable reference values of I and s representing a reticle of 
a reference size of mode region 62 may be used to normalise the values. 

An extended LUT includes L,S for use as a quality control parameter for 
selection of excellent lasers and also to faclHiaie statistical analysis of a batch as well 
30 as for motiitoring ageing of the lasers. 
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An invasive monitoring method comprises a curtailed version of the look-up 
table generation procedure described above to check s and [ values to ascertain 
whether ageing is causing the original "stability' to deteriorate. 

Jn a first embodiment of the non-invasive method of the invention, monitoring 
5 comprises identifying at what point the oifset to the phase current produced by the 
frequency Jocter feedback 105, see Figures la and lb, exceeds a pre-determined 
''safe" value; at which stage a new LUT is activated using the multiplicity of LUTs 
generated at initial characterization, 

1ft the invasive method of the prior art, initial values for the stable points are 
10 determined during the processing stage illustrated in Figure 4. That is, having 
determined a position mid-way between two local minima, the distance I from the 
mid-way position, representing a stable point, and a local minima, representing a 
longitudiiial mode boundary, is known» 

The initial s values are determined, after the stable middle points arc identified, 
15 by measuring a distance from a supermode boundary by biasing the finnt and back 
currents to drive the laser at the stable point and incrementing the ftont and back 
currents sufficiently to cross a supermode boundary. This is detected by a large 
change in wavelength and/or power emitted by the laser. Electronically this process 
may be implemented by subjecting the laser to a fast programmed current wavefbnn 
20 using digital to analogue converter circuits. For non-invasive monitoring the detection 
is derived from the off-set to the phase current generated by the frequency locker 
control. 

• The original LUT has the original or last-measured s and I values stored for 
comparison with the new values s \V shown in Figure 7, 

25 If after a period these values have changed significantly preventative action can 

be taken, for example, the la^cr may be re<haracterised or rq^laced. A threshold 
change indicating that the laser has aged or otherwise deteriorated may be determined 
from a change in value exceeding a predetermined permitted change or a percentage 
change exceeding aprcdetermtncd permitted percentage change, 

to The invasive nx^niloring method is a diminutive version of the full look-up table 

characterisation. Referring to Figure 8. in which each of the frequency bars 81 
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indicates a frequency range qrmitted by a four-section laser for a respective supeimode 
noinbcr. after findmg stable operating points for a Jasef chip away from mode 
boundaries, the laser chip is tested to caistire that all frequencies in a range of interest 
may be gcn^ated, as in the case shown in Figure 8, That is, taken together, all the 
5 frequency bars 81 cover the required frequency range, without any substantial 
frequemcy gaps. If all the frequencies cannot be generated, the chip fails the quality 
control monitoring test and is rejected, without proceeding to the generation of a look- 
up table for the laser. HowevCT, for chips which pass the quality control test, the look- 
up table is generated after the laser is packaged. Thus fiie use of a scrwn display of 
10 the frequency coverage of a laser on a chip, coiresponding to Figure 8. provides an 
extremely fast quality test for laser chips. 

a 28 found in the prior art that invasively monitoring the stability factors takes 
about ! niinute per laser, with line tcnninal equipment per telecommunications optical 
fibre comprising 160 + 40 lasers, a &U check may be carried out in 200 rabutes 
15 compared with 36 or more hours downtime required with alternative known schemes. 

Alternatively, a single stable point may be lo(»tedwitb'n a few ii^iHiseco^^^ It 
Is anticipated that this inay be achieved even faster with improved microcircuits. 

The invasive method comprises the use of a filter as described in WOOl/28052, 
along with current input and power and wavelength output data acquisition circuits 
20 (DAQs), While the LUT is being generated the stability factor are also gathered and 
stored. These can be periodically checked using the stable middle lines 143, Figure 3, 
for the laser by applying programmed eleclionic waveforms. 

The non-invasjvc method of the invention comprises sensing the correction to 
the phase current as generated by the frequency locker contnDl circuit and determining 
25 whether this offset is sufficient to endanger a state of mode hopping in such a case 
selecting a modified LUT from the data gathered atid stored at initial characterization. 

A further embodiment of the invention for non-invasive stability and re- 
cahbration requires storing only one look-up table. In this embodiment the laser is 
operated together with a wavelength or frequency locker 105. The wavelength locker 
30 may modify the phase cuirent at any given moment to achieve (or return to) lasing at 
a desired wavelength. Such a wavelength-locking loop operates continuously; 
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however, coirections for mirror currents (one current in the case of a 3-section device, 
or two currents in the case of a 4-seclioD device) will be taken from time to lime - 
when a threshold is reached. 

Generally, there will be a trade-off between how nmch data can be stored in 
5 ROM and how many poitits should be created in the LUT: obviously it is necessary to 
have sufficient information in the LUT within realistic limits on memoiy 
requirements. In this fuither embodiment the LUT is **expanded" (with 300 MHz 
spacing) only around ttie predetennined ITU channels (say within :fc2 GHz around the 
ITtJ channel) and at frequencies distant from the mj channels the LUT is not 

10 expanded. Since frequency drift >lGHz is expected to be intolerable, it is pieferable 
not to waste memory on storing excessive information on frequencies that will never 
be used ^*e« in gaps between THJ channels). This approach ^ in whicli only regions • | 

within ±2 GHz around the ITU channels are sanipled - does not require much more 
memory Aan the method of the prioir art* i 

15 That is, this further OTbodiment provides an alternative non-invasive re- 

calibration by using an LUT expanded only in the vicinity of die predetemiined ITU 
channel frequencies but not remote from tliese frequencies. The expanded parts of the 
LUT are generated after a standard characterization procedure has been run and a 
LUT has been generated at ITU channel frequencies, e.g. 91, 92 shown in figure 9. 

20 The LUT is then expanded (see Figure 10) in the vicinity of the FTU channel 
frequencies. For each of the ITU channels^ information is collected within a frequency 
range C-g. 1001, 1002 within :fc2GHz around the ITU channel. This is the only 
"expanded*' chamcterization that needs to be performed on the laser. 

It is possible to emulate the laser ageing process by changing the temperature 

25 and measuring the predicted LUT that can be ejqwcted after a period of time. This 
predicted LUT may be stored for later use when frequency corxtotlon by the 
wavelength locker has exceeded a pre-determined threshold that signals a dar\ger of 
mode-hopping. 

A non-invasive control environment that permits a laser to be characterized as \ 
30 described in the foregoing description and later monitored for ageing is depicted j 
schematically, by v/ay of example, in Figure 11 wherein optical elements are 
miniaturized in a planar lightwave circuit (PLC) on a Si02/Si substrate, hybridized | 
with a DBR laser and four photodiodcs. The PLC includes a flip chip mounted DBR ^ ^ | 

I 

i 

I 

I 
f 
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laser 100 and four photodiodes 1111, 1112, 1113, 1114. The laser has a first output 
1 04 ftom a fijrst end facet to a telecoramraications network and a Bscond monitoring, 
output 130 to the four photodiodes from an end facet opposed to the first end facet* 
The four photodiodes are connected to the DBR laser by a branched ridge waveguide 
5 . 1115. The first photodiode 11 1 Us connected to receive a 5% refCTence beam, along a 
first branch 1151 of the branched ridge waveguide 1115, fiom the DBR laser lUO. 
The second photodiode 1112 is connected to receive a 75% beam, through the 
branched ridge waveguide 1115, after transmission through a dielectric feaiure 
extraction filler 1 1 16. The third photodiode 1 1 13 is connected to receive a 10% beam, 
10 through a second branch 1132 of the branched ridge waveguide U lS, after 
transmission through a -3 GHz first Fabiy-Peroi etalon FPl, comprising first and 
second spaced apart dielectric mirrors^ 1117, 1118, slotted into the second branch 
1152 of the waveguide, A fourth photodiode 1114 is connected to receive a 10% 
beam, through a third branch 1153 of the branched ridge waveguide 1115 after 
15 transmission through a second Fabry-Perot etalon FP2, with an FSR of -50 GHz, 
comprising third and fourth spaced apart dielectric mirrors 1119, 1120 in the third 
brand! 1 1 53 of the waveguide. 

The course feature extraction fiher 1116 comprises a dielectric multilayer 
coating on a glass substrate with monotonic jBrequency ntsponse across the C-band and 
20 placed in an etched slot in the ridge waveguide 1115; while the medium and fine 
fi^uency identification fillers FPl and FP2 arc Fabry Perot (FP) etalon filters, 
comprising^ for example^ 95% dielectric mirrors with flat re^onse and inserted in 
slots, less ttian 1 00 micxon Mdc, in the second aiul third branches 1 1 52, 1 1 53 of die 
PLC waveguide 1115. Typically the FP etaloia filters FPl and PP2 have 5 GHz and 50 
25 GHz fice spectral range respectively. The transmission characteristics 1121, 1122^ 
1123 of the feature extraction filter 1116 and the FP etalon filters FPl and FP2 are 
shown schematically in Figure 12, respectively. The FP etalon filters, being less than 
20 mm long, are well suited to silica waveguide based hybrid lightwave circuits that 
have low optical loss at telecommunications wavelengAs. 
30 The waveguide 1115 may be tapered adjacent to the laser 100 to improve optical 

coupling efBcicncy. The DBR laser may be conveniently cormected to the network by 
the inclusion of a V-groove on the PLC, not ^hown> that facilitates positioning of an 
optical fibre transporting the main laser beam 104. In a variation of the apparatus the 



i 
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tuneable laser may be positioned externally to the PLC, as a remote laser, and the V- 
groovb may be extended to the waveguide to couple light from the optical fibre into 
the apparatus. 

A third FP ctalon FP3, not shown, may be incliided by inclusion of a fourth tap 
5 or branch waveguide, not shown, opposite first branch 115 1> leading to a fifih 
photodicdePD5,not shown. By careful design of tie FSR 1310, see Figure 13, of this 
third fme-tunixig FP etalon FP3 it has been found that fte combination of FPl andFP3 
can have a common transmission peak 1311 at the ITU reference irequency 
193,1 THz or wavelength 1 552^2 nm. This is useful because ITU Standard G692. 

10 utilises this fiequency to anchor a grid of fiequeacics used for optical 
communications. Temperature stabilization to 0.01 degrees Celciusi by known means 
using a Peltier cooler, can provide better than 50 MHz firequency stability. By this 
means when PDS and FD3, corresponding to the two fine tuning FP etalons, produce 
maximum outputs simultaneously the remote or on-board laser is known to be 

15 emitting at the ITU reference channeL This provides a valuable means to calibrate 
lasers, WDM equipment and networks. 
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CLAIMS 
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30 



I - A method of characterising a tuneable mulli-section semiconductor laser coinprising the 
steps of: 

a) applying currents fn step-wise increments to sections of the la^er respectively; 

b) measuring power output by the laser to deteiroine values of the applied currents 
corresponding lo rcspecUve stable operating conditions for which the laser emits radiation 
at wavelengths remote from mode boundaries of the laser; 

c) determining the respective wavelength of the emitted radiation; 

d) measuring variations in the applied currents required to cross a mode boundaiy such that 
the laser undergoes a mode jump to cmil radiation at 3 wavelength significantly diffcicnl 
from that under the respective stable operating condition; and 

e) storing in a first look-up table respective values of ^plied cunonts for which the laser 
emits radiation at wavelengths remote from mode boundaries, the corresponding 
wavelengths of the radiation and the variations in applied currents required to cross 
adjacent mode boundaries for use of the laser under the characterising conditions and slate 
of ageing of the laser, and 

f) varying the dffHied currents a plurality of times, to cause predetermined incremental 
changes in wavelength of the emitted mdiaiion, within the said mode boundaries, and 
storing further values of applied currents for each piedetcrmined incremental change in 
wavelength respectively for use as the wavelength of radiation emitted with currently used 
applied currents changes by more than a predetennincd threshold change. 

2. A method as claimed in claim I, wherein the step of storing further values of applied 
currents comprises storing further look-up tables and the step of using the further values 
comprises using one of said further look-up tables. 

3. A method as claimed in claims 1 or 2, wherein the step of storing further valuQS of 
applied currents comprises storing further values corresponding to frequencies only in a 
predeterminod range in the vicinity of predetermined required frequencies of emission of the 
laser. 

4. A method as claimed in claim 3, wherein the predetermined range is ±10GHa. 

5. A method as claimed in claim 4, wherein the predetermined range is ±2GHz. 
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6. A mcihod as claimed in claims 3 to 5, wherein the furtiicr values corresponding lo 
frequencies in the viciiiiiy of the pTedctermined frequencies are stored m the first look-up table. 

7. A method as claimed in any of the preceding claims, wherein step a) comprises applying * 
currents in step-wise increments using a programmed waveform. 

5 8, A method as claimed in claim 7, wherein the programmed waveform has a frequency of 
substantially 100 kHz, 

9s A meAod as claimed in claim 7, wherein the programmed waveform has a frequency of 
substantially I MHz, 

10. A method as claimed in any of th^ preceding claims, wherein step d) of meesuring the 
1 0 variations comprises deriving the variations by determining distances in an applied current plane 
of a point corresponding to the stable operating condition from adjacent longitudinal mode 
boundaries and, for d laser having four or more sections, from adjacent super-mode boundaries, 

IL A method as claimed in any of the preceding claims, wherein, for a multi-section 
semiconductor laser having a gain section, a phase section and zt least one tuning section, step a) 
]|J5 includes the steps of: 

; - • al) applying constant currents to the gain and phase sections such that the laser emits 

< laser radiation; and 
> 

^ ^ a2> applying at least one tuning current in step-wise increments to the at least one toning 

section respectively; and 

20 step e) includes storing in the first look-Up table the values of the at least one tuning 

current for which the laser emits radiation at wavelengths remote from mode boundaries. 

12. A meAod as claimed in any of the preceding claims, wherdn step c) includes the steps 
of: 

cl) providing an optical filter, or feature extraction filter, for transmitting a proportion of 
25 power of an incident light beam emitted by the laser, the proportion being dependant on the 
wavelength of the incident light beam; and 

c2) mta^ring the proportion of power transmitted by the filter to dctcmiine the 
wavelength of the emitted radiation. 1 

i 
s 

13* A method as claimed in claim 12, wherein the optical Hlter comprises multiple passive I 
30 optical filters. j 



i 9 
t > 
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14. A method as claimed in claims 12 or 13, wherein (he optical filter comprises a graded 
refractive index lens for use as a precision optical filtCT. 

1 5. A method as claimed in zny of claims 1 1 to 14, wherein, for a three-section laser> the al 
least one tuning scclion comprises a reflector section. 

1 6. A method as claimed in of claims I J to 15, wherein, for a three-section laser, step a) 
comprises varying the reflector current to determine stable points midway between longihidinal 
mode boundaries. 

17. A method as claimed in aay of claims 1 1 to 16. wherein, for a laser having more than 
three sections, the at least one tuning section comprises a front section luving an applied 
front current and a back section having an applied back current and step a) comprises 
holding the front current at a first front constant and varying the back current holding the 
fionl current at a second front constant and varying the back current, holding the back 
current at a first back constant and varying the front currrat, holding fte back current at a 
second back constant and varying the front cunnent, and increasmg the front current from a 

; 15 third front constant to a fourth front constant while decreasing the back cunont from a third 

back constant to a fourth back constant in order to determine stable middle lines within 
I • • each super-raode and wherein, having determined the stable middle lines, subsequent steps 

J, of varying the back current and/or the front current respectively comprise varying the 

respective cuirent through a window of a plurality of incremental values along the stable 
I 20 middle lines and delermining for which of the plurality of incremental values the power 

• , : output is a minimum, and repeatedly incrementing each of the plurality of incremental 

values and redetermining the current value corresponding to the minimum output power | 
within the window to determine a current value coircsponding to a local minimum in the | 

power output I 

i 

25 18. A method as claimed in any of claims 1 1 to 17, wherein, for a laser having more than ! 
three sections, step b) comprises detennining midpoints between the current values 
corresponding to local minima in the power output to obtain stable middle points of 
operation of the laser and step e) includes storing data representative of such stable middle 
points together with the coiiesponding wavelength of emitted laser light in the look-up 
30 table and operational conditions for operating the frequencies between the stable middle 
point frequencies arc determined by determining and storing in the look-up table the 
required vahics of phase current injected into the phase section of the laser and the required 
values of phase current are determined by holding the back and front currents constant 
!!i?5_^?ivelx at a first.staWe jM^int and. incrementing the phase cuirent until a frequency of- - — 
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laser emission corresponding to a next stable point is reached and calcijlating what 
increments of phase current are required to step from the first stable point to the second 
stable point in desired frequency increments, 

19. A method of conuolling a laser characterised by any of the above method steps, and 
5 comprising the further step of: 

g) detcnnining whether in use the wavelength of radiation emitted by the laser has 
varied from a characterising wavelength by more than a threshold variation and if so 
either selecting and using the further values of applied currents to restore the emitted 
wavelength to a wavelength within the threshold variation or re-characterizing the 
10 laser. 

20. A method as claimed in claim 1 9, ^^erein the step of using the iurther values of applied 
currents comprises using one of the fiixthcr look-up tables. 

21. A method as claimed in claims 19 or 20, wherein Step g) comprises measuring* at 
< , predetermined intervals of time, an offset in the phase current as generated by a frequency- 
. J5 locker fecdbaclc-contro! circuit connected to the laser, to determine whether the offset is 

excessive and in danger of causing a mode hop; and sufficient to require re-characterisation 

of the laser which condition may trigger an alarm and, if the offset is excessive but not 

: ' requiiTng recharacterisation, identifying and using the further values of applied currents 

, , stored when the laser was last characterised and if requiring re-characterisation, re- 

. '20 characterising the laser. 

* « 

22. A method as claimed in claim 21, wherein the step of determining >;\1iether any change in 
. the values is sufficient to require re-cbaracteriBatiofn of the lasw comprises detennining 

whether the phase current offset is greater than a predeteimiiwd value or represents more 
than a predetermined percentage change. 

25 23. A method as claimed in claims 21 or 22, wherein the frequency locker includes the ' 
graded refractive index lens. 

24, A method as claimed in any of claims 2 1 to 23, wherein, the frequency locker includes a ; 
VBbry Perot etalon comprising mtnrors embedded in slots in a waveguide. [ 

25. An apparatus for characterising a tuneable multi-section semiconductor laser comprising \ 
30 current drive means for applying currents in step-wise increments to sections of the laser | 

respectively; power measuring means for measuring power output by the laser to detcnnine i 
values of the applied curretUs coircsponding to respective stable operating conditions for 1 
^yhich.the laser emits radiation. at.waveleasths-rcinot&.fro»vjRiifide boundaries of tlie^-lasei^ • ■ | 

i 
i 
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wavelength measuring tncans for deteimining a respective wavelength of (he emitted 
radiation; current measuring means for measuring variations in the apph'ed cuirents 
required to cross a mode boundary such that the laser undergoes a mode jump to emit 
radiation at a wavelength significantly different from that under the respective stable 
optsrating condition; storage means for storing in a first look-up table respective values of 
applied currents for which the laser emits radiation at wavelengths remote from mode 
boundaries, the corresponding wavelengths of the radiation and the variations ia applied 
currents required to cross adjacent mode boimdaries for use of the laser under the 
characterising conditions and state of ageing of the laser and for storing further values of 
applied cuwaits for caeh predetcnnined incremental change in wavelength respectively for 
use Bs the wavelength of radiation emitted changes by more than a predetermined threshold 
within the said mode boundaries. 

An apparatus as claimed in claim 25. wherein the power measuring means comprises a 
first photodiodc connectable to the laser by optical waveguide means. 

An apparatus as claimed in claims 25 or 26, wherein the wavelength measuring means 
comprises a feature extraction filter connectable to the laser by optical waveguide means 
... and a second photodiode connectable to an output of the feature oxtracUon filter by optical 

waveguide means. 

t « 

* 

28. An apparatus as claimed in claim 27, wherein the feature extraction filter comprises a 
» 20 dielectric multilayer coating ott a transparent substrate located in the optical waveguide 

means between the laser and the second photodiodc. 

29. An apparatus as claimed in any of claims 25 to 28, wherein the wavelength measuring 
means further comprises a first Fabry Perot clalon filter, having a iirsl Free Spectral Riwgc 
(FSR). connectable to the laser by optical waveguide means and a third photodiode 

25 connectable to an output of the first Fabry Perot etalon filter by optical waveguide means, 

30- An apparatus as clahned in claim 29, wherein the first FSR is substantially 5 GHz 

31 . An apparatus as claimed in claims 29 or 30, wherein the fiist Fabry Perot etalon filter 
comprises first .and second spaced apart, flat response, dielectric mirrors located in the 
optical waveguide means between the laser and the third photodiodc. 

30 32, An aKJaratus as claimed in any of claims 25 to 31. wherem the wavelength measuring 
means further comprises a second Fabry Perot etalon filter, having a second FSR different 
from the fir^ FSR, connectable lb the laser by optical waveguide means and a fourth 
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photodiode connectabk to an output of Ihc second Fabry Perot etalon filter by optica! 
waveguide means. 

33, An apparatus zs claimed m claini 32, whcrciu the second FSR is substantiiilly 50 GIIz. 

34, An apparatus as claimed in claims 32 or 33/wherciTi the second Fabry Perot etalon filter 
5 comprises third and fourth spaced apart, flat response, dielectric mirrors located in the 

optical waveguide means between the laser and the fourth photodiode. 

35, An apparatus as claimed in-any of claims 25 to 34, wherein the wavelength measuring 
means further comprises a third Fabry Perot etalon filter, having a third FSR, connectable 
to the laser by optical waveguide means, and a fifth photodiode connectable to an output of 

10 the third Fabry Perot etalon filter, wherein the third FSR provides a local maximum in 

transmissivity at a same reference frequency as a local maximum in transmissivity 
provided by the first FSR. 

36, An apparatus as claimed in any of claims 25 to 34, wherein at least some of the laser, 
feature extraction filter and first and second Fabry Perot etalon fillers are interconnected by 

. 15 optical waveguide means to fonrj a planar lightwave circuit on a substrate. 

37, An apparatus as claimed in claim 36, wherein the optical waveguide means is a branched 
ridge opdcal waveguide. 

38, A computer program comprising code means for performing all the steps of the method 
of any of claims 1 to 24 when the program is mn on one or more computers. 

20 39. A method substantially as described heroin with reference to and as shown in the 
accompanying Figures, 

40. An apparatus substantially as described herein with reference to and as shown in the 

accompanying Figures. i 

I 



PAGE 6(ll67'RCVDATm84:38:43PM [Eastern Daylight Timel'SVRiUSPTO^XIV-^^^ 



Fax sent by : 3124607888 SEVFf^RTH SHAU LLP 85-87-88 15:43 Pg: 61/67 

Arncndtticnfs to Ihc claims have been filcrt ns follows • 
CLAIMS 

1. A method of characterising a tuneable multi^section semiconductor laser such that 
\/ave]ejigth drift of ihe laser may be accommodaled withoul necessarily ^^characterising 
the lascTp the method comprising (he steps of: 

5 a) applying currctits in step-wise incremetils to sections of the laser respectively; 

b) measuring power output by the laser to determine values of the applied currents 
corrcRponding to respective stable operating conditions for which the laser emits radiation 
at wavelengths remote from mode boundaries of the laser; 

c) determining the respective wavelength of the emitted radiation; 
10 d) measuring variations in the applied cuirenfs required to cross a mode boundary such that 

Ihe laser undergoes a mode jump to emit radiation al a wavelength significantly different 
from that under the respective ^ble operating condition; and 

e) storing in a first look-up table respcjctive values of applied currents for which the laser 
emits radiation at wavelengths remote from mode boundaries, the corresponding 

15 wavelengths of the radiation and the variations in applied currents r^qnmd to cross 

adjacent mode boundaries for use of the laser under the characterising conditions and state 
of ageing of the lasen 

f) varying the applied currents, to cause a predetermined incremental change in wavclccglh 
. of the emitted radiation, within the said mode boundaries, and storing further values of 

20 applied currents in a second look-up table for the predetermined incremental change in 

wavelength for use of the second look up table in place of the first look-up (able as the 
wavelength of radiation emitted with cuitently used applied currents changes by more than 
a predetermined threshold change; and 

g) repeating step f) a further plurality of times, to store further look-up tables for use in 
23 place of the second look-up table or of one of said further look-up tables as the wavelength 

of radiation emitted with a currently used look-up table changes by more than a further 
predetermined threshold change. 

2. A method as claimed in claims 1, wherein the step of storing further values of applied 
currents comprises storing further values corresponding to frequencies only in a predetermined 

30 range in the vicinity of predcteraiined required frequencies of emission of the laser. 

3. A method as claimed in claim 2, wherein the predetermined range is ±\OGHz. 

4. A method as claimed in claim 3, wherein the predetermined range is ±2GHz. 
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5. A method as claimed in any of the preceding claims* wherein step a) comprises applying 
currents in sLep-wis«? increments using a progmmmcd waveform, 

6. A method as claimed in claim 5, wherein the programmed waveform has a frequency of 
substantially 100 kHz. 

5 7. A method as claimed in claim 5, wherein the pnograinmed waveform has a frequency of 
substantially I MHz. 

8. A method as claimed in any of the preceding claims, wherein step d) of measuring the 
variations comprises deriving the variations by determining distances in an applied current plane 
of a point corresponding to the stable operating condition from adjacent longitudinal mode 

1 0 boundaries and, for a laser having four or more sections, from adjacent super-mode boundaries. 

9. A method as claimed in any of the preceding claims, wherein, for a multi-section 
semiconductor laser having a gain section, a phase section and at least one tuning section* step a) 
includes the steps of: 

a1) applymg constant currents to the gain and phase sections such that the laser emits 
1 S laser radiation; and 

a2) applying at least one tuning current in step-wtse increments to the at least one tuning 
section respectively; and 

step e) includes storing in the first look-up table the values of the at least one tuning 
cuTR^nl for which the laser vmits radiation at wavelengths remote from mode boundaries. 

20 10. A method as claimed in any of the preceding claims^ wherein step c) includes the steps 
of: 

cl) providing an optical filter, or feature extraction filter, for transmitting a proportion of 
power of an incident li^t beam emitted by Iho laser, the proportion being dependant on ihe 
wavelength of the incident light beam; and 

25 c2) measuring the proportion of power transmitted by the filter to determine the 

wavelength of the emitted radiation. 

11. A method ^ claimed in claim 10, wherein the optica) filter comprises multiple passive 
optical jSlters, 

12, A method as claimed in claims 10 or 11, wherein the optical filter comprises a graded 
30 refractive index lens for use as a precision optical filter. 
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13 A method as claimed in any of claims 9 to 12, Wherdn, for a three-section laser, the ai least 
one tuning section comprises a reflector section. 

14 A method as claimed in any of claims 9 to 13, wherein, for a thi-ee-section laser, step a) 
comprises varying the reflector current to determine stable points midway between longitudinal 

5 mode boundaries. 

15. A meihod as claimed in. any of claims 9 to 14, wherein, for a laser having more than three 
sections, the at least one tuning section comprises a front section having an applied front current 
and a back section having an applied back current and step a) comprises holding the front current 
at a first front constant and varying the back current, holding the front current at a second front 
10 constant and varying the back current, holding the back current at a first back constant and i 
v;irying the front current, holding the back current at a second back constant and varying the 
front current, and increasing the front current from a thfcd front constant to a fourth front 
constant while decreasing the back current from a third back constant to a fourth back constant in 
order to determine stable middle lines within each super-mode and wherein, liaving determined 

15 the stable middle h'ncs, subsequent^ steps of varying the back current and/or the fjonl current 
respectively comprise varying the respective current through a window of a plurality of 
incremental values along the stable middle lines and determining for which of the plurality of 
incremcnial values the power output is a minimum, and repeatedly incrementing each of the 
plurality of inctemental values and re-determining the current value corresponding to the 

20 minimum output power within the window to determine a current value corresponding to a local 
minimujn in the power output. 

16. A method as claimed in any of claims 9 to 15, wherein, for a laser having more than three 
sections, step b) comprises determining midpoints between the current values corresponding to 
local minima in the power output to obtain stable middle pointe of operation of the laser and step 

25 c) includes storing data representative of such stable middle points together with the 
corresponding wavelength of emitted laser light in the look-up table and operational conditions 
for operating the frequencies between the stable middle point frequencies are determined by 
determining and storing in the look-up table the required values of phase current injected into the ' 
phase section of tiie laser and the requited values of phase current are determined by holding the I 

30 back and front currents constant successively at a first stable point and incrementing the phase f 
current until a frequency of laser emission corresponding to a next stable point is reached and 
calculating what increments of phase current are required to step from the first stable point to the | 
second stable point in desij^ frequency increments* j 
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17. A method of controlling a laser- characterised by any of the above method steps, and 
comprising the forthcr step of; 

h) determining whether in use the; wavelength of radiation emitted by the laaer has 
varied from a characterising wavcJcngth by more than a threshold variation and if so 
^ selecting and using the second or further look^iip tables to refjlore the emitted 

wavclengdi lo a wavelength within the threshold variation or re-characterizing the 
laser, 

18. A method a5i clainjed in claim 17, wherein step h) comprises measuring, at predetermined 
intervals of time, an offset in the phase current as generated by a frequency-Jockcr feedback^ 
10 control circuit connected u> the laser, to determine whether the offset Is excessive and in danger 
of causing a mode hop; and sufficient to require rc-cbaracicrisation of the laser which condition 
may trigger an alarm and, if the offset is occcssive but not requiring re-charactcrisatJon, 
identifying and using the second or further look-up tables stored when the laser wa^j last 
characterised and if requiring rc-characterisalion, re-characterising the laser, 

J 5 1 9. A method as claimed in claim 1 wherein the step of dctcrniining whether any change in the 
values is sufFicient to require re-characterisation of the laser comprises determining whether the 
phase current offset is greater than a predetermined value or represents more than a 
predetemiined percentage change. 

20. A method as claimed in claims 18 or 19, wherein the frequency locker includes a graded 
20 refractive index lens. 

21. A method as claimed in any of claims 18 to 20. wherein, the frequency locker includes a 
Fabry Perot ctalon comprising mirrors embedded in slots in a waveguide. 

22. An apparatus for characterising a timeable multi-section semiconductor laser comprising 
current drive means for applying currents in step-wise increments lo sections of the laser 

25 respectively; power measuring means for measuring power output by the laser to detemiinc; 
values of the applied currents corresponding to respective stable operating conditions for which 
the laser emits radiation at wavelengths remote fiom mode boundaries of the laser; wavelength 
measuring meatts for determining a respective wavelength of the emitted radiation; current 
measuring means for measuring variations in the applied currents required to cross a mode 
boundary such that the laser undergoes a mode jump to emit radiation ai a wavelength 
significantly difJerent from (hat under the respective stable operating condition; storage means 
storing in a first look-up table respective values of applied currents for which the laser emits 
radiation at -wavelengths remote from mode boundaries, the corresponding wavelengths of the 



30 
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. radiation and the variations in applied currents required ro cross adjacent mode boundaries f(?r 
use of the laser under the cbaracicnsing conditions and state of ageing of the laser and storing 
. further look-up tables for each of a plurality of predetermined incremental changes in 
wavelength respectively for use as the wavelength of radiation emitted changes by more than a 
5 predetermined threshold within the said mode boundaries. 

23. An apparatus as claimed in claim 22, wherein the power measuring means comprises a first 
photodiode connectable to the laser by optical waveguide means. 

24. An apparatus as claimed in claims 22 or 23, wherein the wavelength measuring means 
comprises a feature extraction filter connecUble to the laser by optical waveguide means atid a 

10 second photodiode connectable to an output of the feature extinction filter by optical waveguide 
means. 

25. An apparatus as claimed in claim 24. wherein the feature extraction filter comprises a 
dielectric multilayer coating on a transparent substrate located in the optical waveguide means 
between the laser and the second photodiode. 

15 26. An apparatus as claimed in any of claims 22 to 25, wherein the wavelength measuring means 
further comprises a first Fabry Perot etalon filter^ having a first Free Spectral Ilange (FSR), 
connectable to the laser by optical waveguide means and a third photodiode connectable to an 
. output of the first Fabry Perot etalon filter by optical waveguide means. 

27. An apparatus as claimed in claim 26, wherein the first FSR is substantially 5 GH/ 

20 28. All apparatus as claimed in claims 26 or 27, wherein the first Fabry Perot etalon filter 
comprises first and second spaced apart, fiat response, diclecuric mirrors located in the optical 
waveguide means between the laser and the third photodiode. 

29. An apparatus as claimed in any of claims 22 to 28, wherein the wavelength measuring means 
further comprises a second Fabry Perot etalon filter, having a second FSR different from the first 

25 FSR, connectable to the laser by optical waveguide means and a fourth photodiode connectable 
to an output of the second Fabry Perot etalon filter by optical waveguide means. 

30. An apparatus as claimed In claLm 29, wherein the second FSR is substantially 50 CHz. 

31. An apparatus as claimed in claims 29 or 30, wherein the second. Fabry Perot etalon filter 
comprises third and fourth spaced apart, fiat response, dielectric mjrTor>* located in the optical 

30 waveguide meaiis between the laser and the fourth photodiodc. 

32. An apparatus as claimed in any of claims 22 to 3 1, wherein the wavelength measuring meanR 
further qornprjses a third F.abry PeiDt etalon filter, having, a third FSR, connectable to the.lasec.by 
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. optical waveguide means, and a fifth photodiode counectablc to an output of the third Fabry 
Perot etalon filter, wherein the third FSR provides a local maximum in ti^nsmissivity at a ^amc 
reference frequency as a local maximum in transmissjvjiy provided by tlie first FSR. 

33. An apparatus as claimed in any of claims 22 to 31, wherein at least some of the U^^^^ 

5 extracuon filter and first and second Fabry Perot etalon Altera are interconnected by optical 
waveguide means lo fonn a planar lightwave circuit on a substrate. 

34. An apparatus as claimed in claim 36, wherein the optical waveguide means is a branched 
ridge optical waveguide. 

35. A computer program comprising code means for perfonning all the steps of the method of . | 
20 any of claims 1 to 24 when the program is run on one or more computers. j 

36. A melhod substantially as described herein with referexKC to and as shown in the ! 
accompanying Figures. 

37. An apparatus substantially as described herein with reference to and as shown in the 1 
accompanying Figures. I 
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